This paper presents a novel wearable interface for the foot: a shoe-integrated tactile display that enables users to obtain information through the sense of touch via their feet. A 16-point array of actuators stimulates the sole of the foot by inducing different vibration frequencies. A series of experiments were conducted with 20 sighted and 5 blind voluntary subjects to evaluate the role of tactile perception by the human foot and the tactile sensitivity of the plantar surface. Tests evaluated the perception of simple shapes, patterns and directional instructions. The results showed that some information is discriminable and that tactile-foot stimulation could be used for a wide number of applications in human-machine interaction. Furthermore, the results also suggested that the blind perform better in some key tasks and support the feasibility of footwear providing tactile feedback for situational awareness, mobility and the navigation assistance of the blind.
Introduction
Over the last decade, tactile feedback has received growing attention in several domains, such as virtual reality, sensory augmentation, sensory substitution, robotics, games and entertainment, among many others. This is attributable to the fact that touch is the chosen modality to convey information when sight and hearing are restricted or overloaded.
Much of what is found in the literature about tactile feedback concerns tactile stimulation of the fingers and hands. However, as the area of tactile feedback is a "hot" research topic in assistive robotics and complex multitasking environments, other body areas have been explored as well: the wrist/forearm [1] , abdomen [2] , chest [3] , tongue [4] , ears [5] , head [6] , and even the backside [7] have been studied to transmit information to a user.
The devices are as diverse as the technology used and the location on the body. However, the human foot has not received much attention.
What we know about the human foot is that it combines mechanical complexity and structural strength. The ankle serves as a foundation, a shock absorber and a propulsion engine. The foot can sustain enormous pressure and provides flexibility and resilience. Apart from being a functional structure, the cutaneous receptors of the foot's sole continuously provide feedback information to assist in balance and walking. The skin receptors in the sole are sensitive to contact pressures [8] and changes in the distribution of pressure [9] . As the load on the foot is transferred from heel to toe, pressure signals are automatically fed back to the brain to provide important information about the bodyʹs position with respect to the supporting surface.
While several researchers [10] [11] [12] illustrate the importance of cutaneous receptors in the control of posture and standing balance, only limited work has focused on evaluating the performance of the foot's sole receptors for tactile communication.
This paper presents a versatile, wearable humancomputer interface for the foot: we have developed a shoe-integrated vibrotactile display to study how people understand information through their feet and to evaluate whether or not this comprehension level is sufficient to be exploited for human-computer interaction.
Potential applications include virtual reality, robotics, rehabilitation, games and entertainment, among many others. One of the most challenging applications is perhaps the assistance of the blind/visually impaired. Over the last four decades, a large number of electronic travel aids (ETAs) have been proposed to improve the mobility, safe navigation and independence of the blind. However, none of these devices are widely used and user acceptance is quite low. Several shortcomings have been identified in existing ETAs as the main reasons for this degree of rejection (a comprehensive survey, evaluation and synthesis of ETAs can be found in [13] ). One of these reasons is that most ETAs are still too burdensome and visually noticeable as portable devices. Undoubtedly, this heightens the handicapped image and affects the userʹs self-esteem. Unlike other portable/wearable assistive devices, an on-shoe, inconspicuous and visually unnoticeable ETA for blind people might represent a step forward in solving this problem.
The rest of the paper is organized as follows: Section 2 presents background information on tactile communication with the feet. Section 3 presents a brief review of human tactile-foot physiology and the requirements for a tactile-foot stimulating device. Section 4 introduces the shoe-integrated tactile display design concept and provides an overview of the implementation of a first prototype. Section 5 evaluates its performance with information transmission through a set of tactile perception experiments performed on a group of 20 sighted and 5 blind voluntary subjects. Finally, Section 6 concludes with main remarks and perspectives on future work.
Background
Tactile paving or tactile ground indicators are, with no doubt, the most representative example of tactile communication with the feet. They were first introduced in Japan in 1967 and, while international standards remain to be established, some national ones are already in use [14] [15] [16] .
Tactile ground indicators consist of regularly textured ground areas in the form of patterns of raised domes, bars, or bumps. Their purpose is to provide a tactile surface that can be felt underfoot and recognized by pedestrians as a warning. They are widely used in stairways, ramps, escalators, road crossings and subway/railway platforms, etc.
Information transmitted by tactile ground indicators to the blind has two main purposes:
 To alert as to hazards in the immediate location or in the direction in which the individual is heading ( Fig.  1(a) ).  To indicate a safe direction of travel ( Fig. 1(b) ).
Tactile ground indicators are of great help for both distracted sighted and blind pedestrians. However, their main inconvenience is that they simply cannot be installed everywhere.
More examples of tactile-foot stimulation can be found nowadays in certain user control interfaces, especially for machine operation: car pedals, dental equipment, fitness gear, music instruments, etc. They provide very simple, vibrating cues as alerts about well-defined machine situations.
The literature addressing electronic interfaces for presenting tactile information to the feet and their formal evaluation is quite limited. It seems that interest only began in 2006 when Rover and van Hessen found that users were able to identify several families of haptic icons through vibrations presented to the foot's sole [17] .
In 2008, three works addressed tactile communication with the feet: Kobayashi et al. investigated the feasibility of using the vibrations of an elastic material to simulate tactile ground indicators [18] . Law et al. proposed the use of vibrotactile information underfoot for increased immersion during locomotion in virtual environments [19] . Our own work presented the design of an on-shoe vibrotactile display prototype for navigation assistance of the blind [20] . In 2009, the last two works reported more mature results in [21] and [22] respectively, while in 2010 a combined audio-tactile system providing the sensation of walking over granular ground was presented in [23] .
In 2011, Okamoto et al. presented a footstep display that recreates the sensation of stepping on fragile structures, such as paper, aluminium and polypropylene [24] .
Guidelines for Tactile-Foot Stimulation
It is well known that skin is the sense organ which contains the essential biological sensors of touch. It encompasses 3 main groups of sensors, organized by function: the thermoreceptors, responsible for thermal sensing; the nociceptors, responsible for pain sensing; and the mechanoreceptors, sensitive to mechanical stimulus and skin deformation.
Our interest focuses on the mechanoreceptors, as they are responsible for sensing and the transmission of physical deformations by external forces to the nervous system.
Mechanoreceptors are usually classified based on their rate of adaptation and receptive field [25] . The first refers to how quickly the cell adapts to a stimulus. Fast cells are useful for sensing texture and vibrations, while slow ones are useful for proprioception. The second refers to the area within which the stimulus can excite the cell. Two types of mechanoreceptors can be found: type I and II. Type I cells have small well-defined receptive areas and are sensitive to low frequencies . Type II cells have large hard-to-bound receptive areas and are sensitive to high frequencies (100-300 Hz). Therefore, four types of mechanoreceptors can be found: slow adapting type I (SAI), slow adapting type II (SAII), fast adapting type I (FAI), and fast adapting type II (FAII). Fig. 2 shows the position of these receptors and their receptive fields in the plantar surface of the foot while table 1 summarizes their profile, particularly their number, field size and triggering force. Note that there might be receptive fields common to several kinds of receptors. For example, in the medium part of the foot's sole, FAI and FAII cells share receptive fields. Thus, a receptive field may not be exclusive to a particular function or stimuli.
Note that FAI cells constitute the majority by far and, as already mentioned, they are sensitive to vibrations. It seems then that stimulation of FAI mechanoreceptors is more suitable for information transmission to the foot.
Guidelines for the choice of actuator also involve spatial discrimination and the delivered force.
Concerning spatial discrimination, it can be seen from table 1 that the median receptive field size for FAI cells is 38 mm 2 (range 5.8-333.6 mm 2 ). Assuming a perfect circular area, this corresponds to a 7 mm centre-to-centre spacing.
Concerning force, FAI units can be activated with forces between 0.7-282 mN, with a median of 11.8 mN. Table 1 . Profiles of mechanoreceptors in the foot's sole, following [26] .
From this first general study, we conclude that the design goals for a FAI foot stimulation device should integrate an actuator array with 7 mm interspacing, stimuli frequencies between 5-40 Hz and delivered forces of around 11.8 mN.
Shoe-Integrated Tactile Display: Design and Prototype

A) Design concept
According to the physiological specifications just mentioned, a conceptual representation of the shoeintegrated tactile display is shown in fig. 3 .
An initial prototype consisting of an array of 16 vibrotactile actuators has been envisaged to stimulate the medium part of the foot's sole where FAI mechanoreceptors are most concentrated. Each actuator is to be independently addressed with a specific vibrating frequency command. [20] . Inset: target stimulation area.
B) Actuator
The actuator chosen for stimulating the sole of the foot is a miniature vibrating DC electric motor ( Fig. 4 inset) . These motors are of type C1030L-50 from Jinlong Machinery [27] , originally intended for cell phones. Each motor is 10 mm in diameter, 3 mm thick, and has a mass of 12 g. It is commercially available for 10 USD.
Experimental tests [20] confirmed that this motor is capable of vibrating within a range of 10-55 Hz following a fairly linear relation with its operating voltage input: 2.5-4 V at a maximum operating current of 100 mA. As such, a vibration input command of 55 Hz would require a maximum of 400 mW from the power source. Fig. 4 shows the experimental variation of the static axial force versus the applied current. The maximum static axial force delivered by the actuator is 13 mN.
Note that the proposed actuator allows a 10 mm interspacing and is capable of producing vibrating frequencies between 10-55 Hz and axial forces around 13 mN-features that meet the criteria established above while also being small, lightweight, low-cost and having low-power consumption.
C) Prototype Fig. 5 shows the first prototype that was developed. It consists of 16 vibrating actuators all integrated in a foam shoe-insole. The effective tactile area is 30.25 cm 2 , which conveniently covers the medium part of the sole.
Foam was chosen because it is easy to machine and it is well known for absorbing vibrations, shock and impact forces. Its material absorbing properties have a twofold purpose: to cushion the motors against the userʹs load and to prevent from having an expanding motor vibration effect throughout the insole. Dots of an epoxy paste (Plasticine) cover the actuatorsʹ entire upper surface and are in contact with the sole. This technique has proven to be an excellent vibration transmitter.
The prototypeʹs laboratory cost is only 200 USD. Note that the compactness of the vibrators allows an easy integration to the shoe-insole and does not obstruct its further insertion into a shoe. Fig. 6 shows a schematic representation of the electronic system used to drive the shoe-integrated tactile display.
D) Electronic drive
The system consists of a user friendly software interface that generates tactile data (such as shapes, pictures, patterns, sequences, etc.) by choosing directly the tactile actuators to activate and setting their desired vibrating frequency. Using the RS232 protocol, the computer transmits this information to an electronic module, where a controller interprets the command strings and sets each actuator of the display accordingly. . Shoe-integrated tactile display: back and forth. This prototype was featured in IEEE Spectrum Online [28] and was acknowledged by US Patent Application 20110242316 [29] .
As a power source, an AC to DC converter has been temporarily adapted to the electronic drive to receive the AC input voltage from a wall power source. The ultimate goal is to develop a wireless system with microelectronics, an on-board compact battery and a RF (radio frequency) transmitter all built into the shoe. 
Preliminary Evaluation on Tactile Rendering
Preliminary psychophysical experiments were carried out to evaluate the prototypeʹs ability to transmit tactile information to the user and the userʹs comprehension level to this feedback. Four experiments were conducted to gain insights into the capabilities of tactile-foot perception: direction, shape, pattern recognition and navigation in space.
A) Study participants and experimental procedure
A total of 25 subjects participated voluntarily in the experiments. All gave their consent in agreement with the university's ethics guidelines: 20 were sighted and 5 were blind.
The sighted subjects (10 men and 10 women) were engineering undergraduate students at Panamericana University. No special criteria were used to select them apart from their availability. Their ages ranged from 18 to 24 years old, with an average age of 20.5. None of them reported any previous experience with tactile displays. All were right-handed.
The blind subjects included 3 adolescents (2 male and 1 female) and 2 adults (all male). All of them were either blind from birth or else had lost their sight within the first 3 years of life. The adolescents' ages ranged from 13 to 15 years old with an average age of 14 while the adults ages were 28 and 32. All were right-handed Braille readers.
During the experiments, the subjects wore the tactile display on the right foot. For hygiene, all of the subjects were requested to use socks. Before each session, they were completely ignorant about any aspect of the test and were given general instructions concerning the task. A short familiarization time was granted prior to the tests. During this time, the subjects tested different vibration frequencies and had the opportunity to choose a preferred one. Although the physiology of the foot indicates a maximum stimuli frequency of 40 Hz, all 25 subjects chose 55 Hz, the maximum vibration frequency of the actuators. This is certainly due to the use of socks,which act as a low-pass filter.
For the sighted subjects, experiments I to III were conducted consecutively on the same day, while experiment IV was conducted two weeks later. For the blind, all of the experiments were conducted on the same day.
B) Experiment I: Direction recognition
The purpose of this test was to determine whether the subjects could recognize the direction of the motion of dynamic information.
Method:
A dynamic straight line was presented to the 25 subjects. Four patterns were chosen: North N (a line moving from the last row to the first one), South S (the inverse), East E (a line moving from the last column to the first one) and West W (the inverse) ( Fig. 7) .
A set of 14 directions was presented to the subjects in one trial: S-N-E-W-S-E-N-W-E-S-W-N-S-E. This set takes into account all possible transitions between directions.
Subjects were asked to report the direction perceived with no time restriction.
Results: Fig. 7 shows the results obtained from this test. Note the overall good performance between men, women and adult blind. The minimum success rate among these 3 groups is 64% while the maximum is 100%. Moreover, note that the adult blind performed better and that there is no significant difference between the average performances of men and women. The young blind performed much worse. Their minimum and maximum recognition rates were 16.6% and 55.5%, respectively. This group expressed the view that the information displayed was confusing.
The standard deviation of the mean or standard error shows that there is a statistically significant difference in performance, especially among women and the young blind: while some subjects performed quite, well others performed very poorly.
C) Experiment II: Shape identification
The goal of the second test was to determine whether the subjects could use the on-shoe tactile device to identify several simple, geometric shapes.
Method:
Six basic geometric shapes were used for the second experiment: square, circle, vertical line, horizontal line, diagonal and inverted diagonal (Fig. 8 ). All 25 of the subjects were asked to match what they felt tactually with one of these shapes.
The six shapes were presented randomly, three times each, during each trial. The subjects had no time restriction to provide their answers and, upon request, they could have the shape refreshed on the display. Fig. 8 shows the results obtained from this test. This task is evidently much more complicated than the first one and poorer scores were obtained.
Results:
The average success rates were 32.3%, 31.3%, 22.2% and 44.4% for women, men, the young blind and the adult blind respectively.
Again, the adult blind performed better, the young blind performed the worse, and men and women performed very similarly. All of the subjects reported that this test was very complicated and -unlike the previous one -that they were sure to have made errors. Note that the diagonal lines were the most difficult shapes to identify. They were taken for the square or circle in all cases. It seems that a vibrating point is not easy to discriminate within a vicinity of vibrating points. The same effect has been observed in vibrotactile displays for the fingers and hands [30] [31] [32] . Although vibrations minimally expand mechanically within the foam shoeinsole, they do expand throughout the skin, thereby affecting perception.
D) Experiment III: Pattern recognition
In human-computer interaction, there has been much interest in coded language: non-verbal visual, audio or tactile structured short messages that can provide information to the user.
The third test aimed to determine whether the subjects could recognize and associate tactile patterns displayed on the foot with daily information, familiar signals and emotions.
Method:
Five tactile patterns were used for this test: caution, SMS, phone call, exaltation and relaxation. Vibrotactile signals were modulated in accordance with these patterns:  Caution was generated in accordance with its visual equivalent: 2 intermittent vertical bars (highway signal).  SMS was generated in accordance with mobile phones: 2 consecutive short vibrations, then a pause, and then 2 more consecutive short vibrations.  Phone call was also generated as with mobile phones: a long vibration, then a pause, and then a long vibration.  Exaltation is defined as the transition between calm and excited. Inspired by the increase in cardiac rhythm, this emotion was generated by consecutively activating all the actuators.  Relaxation is the inverse emotion. It was generated by consecutively turning all the actuators off.
Again, all 25 subjects were asked to match what they felt tactually with one of these patterns. The test consisted of a single trial. Each pattern was displayed once. The subjects had no time restriction to provide their answers. Upon request, they could have the pattern refreshed on the display and they were allowed to modify their answers if they felt one pattern better suited an answer already given.
Results:
The young blind and adult blind recognized all the patterns (a 100% recognition rate) while the results for women and men are given in table 2.
Note that men performed much better than women, with an average percentage of 66% against 50%. Contrary to the performance observed in the previous tests, the young blind found this task very easy. The adult blind also reported that the patterns were easy to recognize and remember. For sighted subjects, note that the SMS and phone call patterns were perfectly well identified, while exaltation and relaxation were not so clear, especially among women. This is certainly due to the familiarity of the first two and the novelty of the last two signals.
The results obtained from this test are encouraging: they strongly suggest that people can easily identify and relate vibrotactile-foot patterns to information and emotions.
E) Experiment IV: Navigation in space
The fourth test aimed to determine whether the subjects could actually navigate in a structured environment using tactile-foot feedback.
For this purpose, the experimental tracking platform in fig. 9 (a) was set. It encompassed 3 main elements: a wide angle colour camera, a PC and dedicated software running on a PC.
The camera was located 4 m above the ground surface at 25° from the vertical. It was configured to capture images every 0.5 s. the acquired images were sent to the PC for processing. The image processing focused on tracking the subjects' feet: a Matlab self-developed script performs feet detection and confines the region of interest to a square ( Fig. 9(c) ) [22] .
Method:
The best 5 sighted subjects and the best adult blind -identified from the previous tests-were invited to participate in this last experiment. All 6 were male. During the test, the sighted subjects were blindfolded so that no cue from sight could be obtained ( Fig. 9(b) ) while the blind subject was allowed to keep his white cane. As in the previous tests, all 6 subjects were wearing the shoeintegrated tactile display on their right foot. The four direction patterns of experiment I and the SMS pattern from experiment III were presented to the subjects. The following intuitive protocol was used: North for moving forward, South for moving backward, East for turning left, West for turning right and the SMS signal for stop. The navigation directions were provided by a human-assistant located outside the navigation environment.
The subjects were asked to move according to the pattern felt. They had no time restriction to complete the test and, upon request, they could have the direction instruction refreshed on the tactile display. The navigation time was recorded for each participant. Fig. 11 shows the indoor navigation environment proposed to the sighted subjects while fig. 10 shows a more complex outdoor navigation environment proposed to the adult blind. Note that both environments present a number of static obstacles. Fig. 11 shows the 5 navigation trajectories performed by the sighted subjects. Note an overall good performance: all the subjects were capable of completing the task in less than 4 min. Subjects 2, 3 and 4 made no errors in following the instructions. Subject 1 performed a false turn which was immediately corrected. Subject 5 made several errors: 2 false turns and bumps into the obstacles once. Note that without the visual reference, most sighted subjects fail to walk in a straight line (subjects 2, 3, and 5). Figure 10 . Results of the blind subject during the navigation task. A broken line is drawn to better appreciate the trajectory followed. Fig. 10 shows the navigation trajectory performed by the blind subject. It is interesting to note that the blind subject performed in a more complex environment in much less time. Upon practice, it is expected that subjects become more efficient and used to the device.
Results:
The results are undoubtedly encouraging: they suggest that it is feasible to exploit tactile-foot stimulation for directional navigation in space.
Conclusion
This paper has presented the design, technical overview and preliminary evaluation of a novel human-computer interface for the foot: a shoe-integrated vibrotactile display.
Using an electromagnetic approach, a first prototype of 16 points has been developed. The prototype is compact, wearable and low-cost, as well as being simple and quick to assemble. This paper also presented some insights into the role of tactile perception by the human foot through a set of tests involving direction, shape, pattern recognition and directional navigation. The tests were conducted with 20 sighted and 5 blind voluntary subjects.
Globally, the results show that people easily understand the direction of the motion of dynamic information. However, shape recognition is more difficult. It seems that the foot is not appropriate for the recognition of precise or detailed information, such as shapes. The pattern recognition rates were very satisfying, which suggests that people can identify and relate tactile foot patterns to information, familiar signals and emotions. Finally, one of the most promising results was directional navigation. The collected data shows that it is feasible to exploit tactile-foot feedback for navigation in space.
In particular, the results show that a similar performance should be expected between sighted adult men and women. Tactile-foot feedback seems easier to understand for the adult blind, a result that might have been anticipated if we consider that they have been living with their disability for a long time and that their spatialtemporal reasoning skills are fully developed. However, this was not so for the young blind: it is well known that the spatial and reasoning skills of children and adolescents -sighted or blind-are not mature, and so poorer performances might be expected.
Some interesting questions arose out of this first evaluation and constitute the topics of current research: Do long-term vibrating stimuli affect balance and walking? How does user performance change depending on cognitive load? Is there any difference between wearing the tactile display on the right or the left foot? Figure 11 . Results of the 5 sighted subjects in the navigation task. A broken line is drawn to better appreciate the trajectory followed. The current work also focuses on new optimized versions of shoe-integrated tactile displays. The results reported in this paper revealed that the foot is not capable of precise discrimination. Therefore, the information displayed to the feet must be simple and -preferably -encoded as vibrating patterns. From a technological point of view, there would be no value in integrating a large number of actuators if the foot is not capable of accurately distinguishing which one of them is actually vibrating. Short structured tactile patterns could be used to represent simple actions and these can then be combined in different ways to represent more complex messages and concepts.
Figs. 12 (a)-(b) show the conceptual representations of two new designs. Note that these designs have reduced the number of vibrators from 16 to 4 while keeping the correspondence with the location of FAI mechanoreceptors (Fig. 2) . Figs. 12 (c)-(d) show the corresponding prototypes. Besides the reduction in the number of vibrators, another major improvement is that these new prototypes eliminate all wires by using an RF transmission module. Another positive consequence of the reduction of vibrators is that the electronic drive becomes simpler and more compact. Moreover, a portable on-board power supply can now be envisaged. Tests with a rechargeable standard 6 V, 1000 mAh battery reveal a 6 h operation, which is large enough to meet the requirements of any journey while walking. The whole electronic drive (battery, circuits and RF module) can now be comfortably attached to the ankle ( Fig. 12 (e) ) or built into the shoe.
The challenge for these new prototypes will be to create a whole new tactile-foot language encoded in only 4 vibrators that allows users to easily understand a wide variety of information, such as instructions, situations and alert signals, etc.
Our future work looks to integrate the concept of tactilefoot stimulation in ETAs for the blind.
